Drought, the most prominent threat to agricultural production worldwide, accelerates leaf senescence, leading to a decrease in canopy size, loss in photosynthesis and reduced yields. On the basis of the assumption that senescence is a type of cell death program that could be inappropriately activated during drought, we hypothesized that it may be possible to enhance drought tolerance by delaying droughtinduced leaf senescence. We generated transgenic plants expressing an isopentenyltransferase gene driven by a stress-and maturationinduced promoter. Remarkably, the suppression of drought-induced leaf senescence resulted in outstanding drought tolerance as shown by, among other responses, vigorous growth after a long drought period that killed the control plants. The transgenic plants maintained high water contents and retained photosynthetic activity (albeit at a reduced level) during the drought. Moreover, the transgenic plants displayed minimal yield loss when watered with only 30% of the amount of water used under control conditions. The production of drought-tolerant crops able to grow under restricted water regimes without diminution of yield would minimize drought-related losses and ensure food production in water-limited lands.
D
rought is the most serious environmental factor limiting the productivity of agricultural crops worldwide, with devastating economical and sociological impact. Climate models have indicated that drought episodes will become more frequent because of the long-term effects of global warming (1, 2) , emphasizing the urgent need to develop adaptive agricultural strategies for a changing environment. These range from changes in traditional management and agronomic practices to the use of marker-assisted selection for the improvement of drought-related traits and the development of transgenic crops with enhanced tolerance of drought and improved water use efficiency that would minimize drought-related losses and ensure food production for a growing population.
Plants can use a combination of different strategies to avoid or tolerate drought stress (3, 4) . In arid regions, for example, winter annuals combine a relatively short life cycle with a high growth rate during the wet season to avoid drought altogether. Other types of avoidance include closing of stomata to minimize water loss, adjusting sink/source allocation by increasing root growth, and decreasing canopy by reducing growth and shedding of older leaves (5) . Accelerated leaf senescence and leaf abscission are associated with drought in nature as a means to decrease canopy size. In perennial plants, this strategy contributes to the survival of the plant and the completion of the plant life cycle under drought stress. In contrast, this strategy reduces the yields of annual crops, with concomitant economical loss to farmers. We hypothesized that it is possible to enhance the tolerance of plants of drought stress by delaying the drought-induced senescence of leaves during the drought episode. Our hypothesis is that senescence is due to a type of cell death program that could be inappropriately activated in different plants during drought. Suppressing it could therefore enable plants to mount a vigorous acclimation response that would result in enhanced drought tolerance with reduced yield losses.
Previous work showed that leaf senescence could be delayed in transgenic plants expressing isopentenyltransferase (IPT) (6) , an enzyme that catalyzes the rate-limiting step in cytokinin (CK) synthesis. Their strategy involves the expression of an IPT gene from Agrobacterium tumefaciens under the control of a senescenceassociated gene promoter (P SAG12 ) (6). The P SAG12 -IPT expression was activated at the onset of senescence in the basal leaves of tobacco plants and induced CK biosynthesis, which inhibited leaf senescence and, in turn, diminished P SAG12 -IPT activity. Nevertheless, P SAG12 -IPT transgenic plants displayed altered source-sink relations and nutrient deficiency in young leaves (7), delayed flowering (8) , and reduced seedling establishment in response to water-deficit stress (9) . We speculated that if the IPT gene could be expressed during plant maturation, but before the onset of senescence, CK production would not be limited to the old leaves, and thus, CK production would not alter nitrogen mobilization within the plant, and source/sink relationships would not be affected. The promoter driving the IPT gene should also be induced at the onset of stress signaling in the plant, allowing the production of CK in all tissues facing water-induced stress. Here, we show that the suppression of drought-induced leaf senescence results in outstanding drought-tolerance of the transgenic plants, as well as minimal yield loss when the plants were watered with only 30% of the amount of water used under control conditions. The production of droughttolerant crops able to grow under restricted water regimes without yield losses would considerably minimize drought-related losses and ensure food production in water-limited lands.
Results

Effects of Drought on Yield and Water Relations in WT and Transgenic
Tobacco Plants Expressing P SARK ::IPT. Transcription of senescence associated receptor protein kinase (SARK), a gene encoding a maturation/senescence-dependent receptor protein kinase, was shown to be induced during late maturation and decreased during the development of senescence, suggesting its role in signaling (10) . Our preliminary results, using a SARK::GUS chimera, showed that SARK expression was induced by drought stress (data not shown). We isolated the SARK promoter (P SARK ) from bean (an 840-bp fragment), linked it to the ipt gene from Agrobacterium tumefaciens, introduced it into tobacco SR-1 and generated eight lines of T3 homozygous transgenic plants. Two independent transgenic lines (T 3 generation seeds) expressing P SARK ::IPT and WT plants were grown in the greenhouse under optimal conditions for 40 days. During this period, transgenic plants did not differ in appearance from WT plants (Fig. 1A) . After this initial period, plants were subjected to a severe drought treatment that consisted of withholding watering for a period of 15 days. During the drought period, the WT plants wilted and senesced progressively, whereas the transgenic plants partially wilted but did not display drought-induced senescence (Fig. 1 A) . After the drought treatment, plants were rewatered for 1 week. The WT plants did not recover from the stress and died. However, the transgenic plants recovered, the leaves displayed full turgor, and the plants resumed their growth. The root and shoot biomass of WT plants was severely reduced (65% and 75%, respectively) ( Fig. 1B) with respect to transgenic plants after the drought treatment, and transgenic plants displayed a 160% increase in seed yield over that of the WT plants (Fig. 1C) . Measurements of soil water potential ( Fig. 2A) showed that the soil in both the WT and transgenic plants dried equally, reaching its lowest value (Ϫ18 MPa) after 15 days without watering and becoming more positive (Ϸ0 MPa) after rewatering. The water content of WT plants was severely reduced during the drought period, reaching a value of Ͻ60% (Fig. 2 A) . However, the water content of the transgenic plants was merely reduced from 92% to 86% during drought and returned to control levels after rewatering, showing that the transgenic plants were superior to the WT plants in maintaining leaf water potential during drought, even though they partially wilted.
IPT Expression and Cytokinin and ABA Contents. To assess the relationship among IPT expression, CK biosynthesis, and drought tolerance, we examined the expression of P SARK ::IPT and CK contents in basal, middle, and apical leaves of plants from 15 days after germination until the end of the rewatering treatment (70-day-old plants) (Figs. 2B and 3 A-D). When grown under normal conditions, the levels of P SARK ::IPT expression were similar in leaves, the expression increasing toward plant maturation (Fig. 2B) . In our experiments, P SARK ::IPT expression reached maximal levels in all leaves during the drought period, decreasing after 6 and 8 days of growth in apical and basal leaves, respectively, and remaining constant during drought in the middle leaves (Fig. 2B ). The expression of P SARK ::IPT during drought was not only enhanced in basal leaves but also in the middle and apical leaves, confirming the drought responsiveness of the SARK promoter. After rewatering, P SARK ::IPT expression remained high only in the senescent tissue (i.e., basal leaves) and decreased in the actively growing tissue (middle and apical leaves) (Fig. 2B ).
During drought, there was a significant increase in transzeatin CK, which is considered to be one of the highly active forms of CK (11) which are less active or nonactive forms, were seen in the basal and middle leaves during stress, and no clear pattern was seen in the apical leaves (Fig. 3 B-D and SI Fig. 10 ).
ABA accumulation has been correlated with increased drought tolerance (12) . A reciprocal relationship between ABA and CK contents during drought stress has been postulated (13) , although data supporting this notion are not conclusive (14) . Drought treatments induced an increase in ABA concentrations in both WT and P SARK ::IPT transgenic plants, being higher in apical leaves (Fig.  3E) . Nevertheless, CK production was not affected by ABA levels, and there were no clear differences between the ABA contents of the WT and P SARK ::IPT transgenic plants, indicating that changes in ABA were not associated with the drought tolerant phenotype displayed by our transgenic plants.
Oxidative Metabolism in WT and PSARK::IPT Plants. To gain insight into the mechanism(s) associated with CK-dependent enhanced drought tolerance of the transgenic plants, we performed an array analysis of transcript expression of Ϸ300 stress-related genes (15, 16) in the WT and transgenic plants before, during and after a prolonged drought treatment (Fig. 4 and SI Table 1 ). There were minimal differences in the expression of different stress-related transcripts between the WT and transgenic plants before drought, in agreement with the lack of phenotypical differences between the WT and transgenic plants grown under the control growth conditions (Fig. 4B) . However, a comparison between transcript expression in transgenic plants before and after drought revealed that 66% of the transcripts tested were up-regulated in the transgenic plants, Ϸ20% of these transcripts being related to reactive oxygen species (ROS) metabolism ( Fig. 4B and SI Table 1 ). With the exception of cytosolic superoxide dismutase (cytSOD1) and dehydroascorbate reductase (cytDHAR), all of the transcripts encoding antioxidative enzymes present on the arrays were down-regulated [peroxisomal catalase (CAT); stromal ascorbate peroxidase, and thylakoidbound APX; cytosolic monodehydroascorbate reductase (MDHAR); glutathione reductase (GR); and glutathione peroxidase] in the WT plants during drought, whereas the expression of all of these transcripts (including cytSOD1 and cytDHAR) was up-regulated in the transgenic plants during drought (Fig. 4D and SI Table 1 ). Transcript expression correlated well with changes in enzymatic activities for the different ROS-scavenging enzymes (Fig. 4D) .
Redox State and H2O2 Accumulation During Drought. During stress, disruption of cellular homeostasis is accompanied by the generation of ROS, and the extent of stress-induced damage can be attenuated by the action of the cell's antioxidant systems, including ascorbate, glutathione, and enzymes capable of scavenging ROS (17, 18) During stress, cellular ascorbate and glutathione pools shift toward their oxidized forms, and the redox state of ascorbate and glutathione is decreased (19, 20) . Similar effects on the reducing pools occur during leaf senescence (21) . Changes in the ascorbate and glutathione redox state have been shown to affect gene expression, and their involvement in the regulation of metabolic pathways is postulated in refs. 22 and 23. The reduced state of ascorbate and glutathione in the WT plants declined significantly during drought, whereas, in the transgenic plants, it did not change during drought and rewatering (Fig. 5A) , indicating that the antioxidative systems were not affected by the severe drought in transgenic plants. To test this conclusion, we measured H 2 O 2 concentrations before, during, and after drought (Fig. 5B) . Whereas leaves from transgenic plants did not show significant differences in H 2 O 2 contents before, during, or after drought, the H 2 O 2 contents in leaves from WT plants increased dramatically. These observations were supported by specific staining for H 2 O 2 in leaves of WT plants during stress but not in leaves of transgenic plants (Fig. 5C ).
Effects of PSARK::IPT on Yields Under Restricted Watering Regimes.
Drought-induced decrease in crop productivity is in part due to inhibition of photosynthesis under drought (24) and is brought about by the reduction in both the capacity for ribulose-1,5-bisphosphate regeneration and carboxylation efficiency (25) . Whereas after 2-3 days of drought stress photostynthesis was completely inhibited in the WT plants, the transgenic plants expressing P SARK ::IPT maintained some photosynthesis during the entire drought treatment and fully recovered their photosynthetic activity after rewatering (SI Fig. 11) . Moreover, compared with the WT plants, water use efficiency (WUE) was markedly improved in the transgenic plants, values being two to three times higher than those before drought (SI Fig. 12 ). The improved water use efficiency shown by the transgenic plants prompted us to test whether these plants could grow and produce significant yields under conditions where their water supply was significantly reduced during growth. Wild-type and the two independent transgenic plants expressing P SARK ::IPT were grown under two different watering regimes: (i) fully watered (1 liter/day) and (ii) a restricted water regime (0.3 liter/day). The experiments started 15 days after germination and continued for 4 months. The biomass and seed yield of the WT plants were severely affected by the restrictive watering treatment; plants showed a reduction of 57% and 60% in biomass and seed yield, respectively (Fig. 6) . However, the transgenic plants displayed a minimal reduction, albeit not statistically significant, in biomass and seed yield (8-14%).
Discussion
Most climate-change studies indicate an expansion of arid zones on our planet. This increase in arid land and the world's growing population will have a direct impact on water resources and water availability. Water scarcity and the concurrent high temperatures create the most significant limitations to crop productivity (26) . Our objective is to generate transgenic plants that can survive severe drought episodes and that can grow under restricted water regimes with minimal yield losses. Here, we show that the expression of an IPT gene, driven by a maturation-and stress-induced promoter, induced the synthesis of CKs in the plant and that the production of CKs contributed to the enhanced drought tolerance of the transgenic plants. Steady-state levels of active CK are determined by the rate of release of CK nucleobase from CK-conjugates coupled with CK degradation or conjugation or both (11) . The high levels of P SARK ::IPT expression during stress seen in the younger leaves, together with the lack of accumulation of biologically active forms (tZ, iP, and DZ), would suggest that most of the CKs in these leaves are present in the form of CK-conjugates or were translocated to the bottom leaves. Interestingly, although our results showed a moderate increase in ABA concentrations during drought, there were no clear differences between WT and P SARK ::IPT transgenic plants. The level of transcripts encoding enzymes associated with the glutathione-ascorbate cycle was greater in plants with elevated CK production (resulting from pSARK::IPT). Pools of reduced ascorbate and glutathione were also greater in these plants, probably accounting for the lower levels of H 2 O 2 during drought. This control of ROS levels in the transgenic plants is likely a contributing factor to survival of the plants during the severe drought period of 15 days and their continued growth after rewatering. Suppression of drought-induced leaf senescence in transgenic plants was also accompanied by enhanced expression of stress-response transcripts, such as dehydrins and heat-shock proteins (SI Table 1 ), possibly also contributing to the enhanced tolerance and suppressed ROS levels in the transgenic plants during drought.
Studies have shown that the senescence-activated CK production caused the inhibition of chlorophyll breakdown in the basal leaves of tobacco, affecting source/sink relationships and reducing nitrogen mobilization to younger and growing tissues that resulted in an inverted vertical nitrogen profile within the plant canopy (7). In transgenic lettuce, the senescence-activated CK production induced a marked delay in flowering and premature senescence in the apical leaves (8) . Our work showed that nitrogen mobilization was not affected in the P SARK -IPT plants, because the basal leaves displayed chlorophyll degradation (SI Fig. 13 ) during the drought episode. More importantly, no developmental changes were seen in the transgenic plants, and no delay was observed in flowering and seed set, indicating a normal progression of the source/sink relationship in the transgenic plants.
Transgenic plants expressing P SARK ::IPT maintained relatively high water content and retained photosynthetic activity (albeit at a reduced level). Moreover, the transgenic plants were able to grow under restrictive water supply with a minimal yield penalty. Our data suggest that the efficient scavenging of ROS in the transgenic plants protects the photosynthetic apparatus during drought stress, leading to the improved WUE of the transgenic plants during and after stress. The relationship between CKs and the activation of these mechanisms is not yet identified, and further research is required.
In conclusion, our results show that the suppression of droughtinduced leaf senescence resulted in outstanding drought tolerance. The plants had vigorous growth after a long drought period that killed the control plants. These plants had minimal yield loss when watered with only 30% of the amount of water used under control conditions. These results are exciting because they indicate that, in addition to increased drought tolerance, the expression of P SARK ::IPT in plants, with the concomitant increased WUE, could facilitate the development of transgenic crops able to grow with reduced irrigation without significant yield penalties, contributing to significant savings in irrigation water.
Methods
Plasmid Construct and Plant Transformation. The 5Ј upstream region of the bean SARK gene was isolated by inverse PCR as described by Maniatis et al. (27) . Bean (Phaseolus vulgaris) genomic DNA was treated with XbaI, and PCR amplification was carried out by using the following primers: 5Ј-ACGTCCCAACCAAAGACC-3Ј and 5Ј-TCTGCAGCTAGTGCGATACC-3Ј.
The PCR was carried out under the following conditions: 30 sec at 94°C, 30 sec at 55°C, 2 min at 72°C for 40 cycles, and then 10 min at 72°C. Nucleotide sequence analysis revealed that it contained 340 bp of the 5Ј end of the SARK coding region (28) . To obtain a longer DNA fragment containing the SARK gene promoter, a thermal asymmetric-interlaced PCR technique was carried out as described by Liu et al. (29) . Three specific PCR primers were used: 5Ј-TCTGCAGCTAGTGCGATATCC-3Ј, 5Ј-TTGGTGGAT-GAATAATGGAG-3Ј, and 5Ј-TACTATACTCACAAAT-GAGA-3Ј.
Three PCRs were performed sequentially to amplify target sequences. The second PCR produced a single product, representing Ϸ820 bases. This fragment was cloned into pUC 57 derivative plasmid (MBI; Fermentas). The Agrobacterium ipt gene was linked to the 840-bp fragment of the SARK promoter and introduced as a HindIII/XbaI fragment into the binary vector pBI101. Tobacco SR1 transgenic lines containing this construct were created by Agrobacterium-mediated transformation. Hygromycin-resistant primary transformant were transferred into soil (Metro-Mix 200; Sun Gro) and grown under artificial lighting (50 mol of photons m Ϫ2 ⅐sec Ϫ1 , 16-h photoperiod, 25°C). Plants were allowed to flower, the florets were covered to prevent cross-pollination, and T 1 seeds were collected. Homozygous lines were selected through two further round of selections. Seeds were germinated on plates containing 2.7 g⅐liter Ϫ1 Phytagel, Murashige, and Skoog medium and 300 mg⅐liter Ϫ1 hygromycin. T 1 seeds giving a 3:1 ratio of survival on hygromycin were selected and grown to maturity, and T 2 seeds were collected. One hundred seeds from each line were sown again on soil containing hygromycin, and lines giving 100% survival were deemed homozygous and used for further experiments.
Plant Growth Conditions. Seeds of WT (Nicotiana tabaccum cv. SR1) and two transgenic lines (P SARK ::IPT 4-24 and P SARK ::IPT 2-36 ) were sown and grown in soil (Metro-Mix 200, Sun Gro) under growth chamber controlled conditions (500 mol of photons m Ϫ2 ⅐sec Ϫ1 , 16-h photoperiod, 25°C) during 15 days (appearance of two true leaves). During this time, no differences in germination time and in plant development between WT and both transgenic lines were observed. Forty plants of each transgenic line and WT plants were transferred and transplanted into a greenhouse, using 10-liter pots and grown for 25 days (1,200 mol of photons m Ϫ2 ⅐sec Ϫ1 , 16-h photoperiod, 28-30/23-25°C day/night). At this point, watering was whitheld for 2 weeks, a period after which the WT plants were dead. After 2 weeks of drought, the plants were rewatered during another 2 weeks. At the end of the drought/rewatering experiments (2.5-month-old plants), the plants were harvested. Dry weight of the plants and seeds was obtained after 48 h at 70°C in an air oven.
Water Potential and Relative Water Content. For water potential measurements, a Dewpoint PotentiaMeter (model WP4-P; Decagon Devices) was used. The relative water content (RWC) was determined as: RWC ϭ (FW Ϫ DW)/(Turgid weight Ϫ DW). To determine turgid weight, leaves were kept in distiller water in darkness at 4°C to minimize respiration losses until they reached a constant weight (full turgor, typically after 24 h). DW was obtained as described.
IPT Expression Analysis. Fresh tissues from basal, middle, and apical leaves were used for total RNA isolation (30) , and 1 g of total RNA was used for first strand cDNA synthesis according to standard methods, using oligo(dT) (31) . Internal oligonucleotides, IPT-Forward1 (5Ј-TTCCAGTCCTTTCGCTTGAT-3Ј) and IPTReverse1 (5Ј-GGGGGAATTTCTGTTCCTGT-3Ј), were designed, and standard RT-PCR was performed. PCRs were analyzed by 1% (wt/vol) Tris/acetic acid/EDTA/agarose electrophoresis. For the quantification of the relative expression of IPT, ImageQuant software (Molecular Dynamics) was used, and expression levels were normalized against the values obtained for actin, which was used as an internal reference gene. WT RNA was used as a negative control in all of the RT-PCR performed.
Cytokinins Quantification. WT and transformant basal, middle, and apical leaf tissues were collected at the times specified and freezedried. Extraction and determination of CK contents from Ϸ20 mg of dry tissue were done by using a liquid chromatography-tandem mass chromatography system (model 2695; Quattro Ultima Pt; Waters) as described in ref. 32 . 
